Cuenca Gotor, VP.; Gomis, O.; Sans-Tresserras, JÁ.; Manjón Herrera, FJ.; Rodríguez Hernández, P.; Muñoz, A. (2016) 
Apart from the structural characterization of As 4 Furthermore, additional modes were observed above 6 GPa which were suggested to occur due to a cubic-to-tetragonal phase transition in As 4 O 6 . However, this phase transition has not been confirmed in the HP structural studies already performed [8-10].
Therefore, it is timely to revisit the vibrational properties of As 4 O 6 at HP.
Additionally, previous works have reported the structural characterization of As 4 O 6 under compression by means of angle dispersive x-ray diffraction (XRD) measurements using different pressure-transmitting media (PTMs) [8, 10] . In those works it was shown that arsenolite is one of the most compressible non-hydrated minerals. Furthermore, it was shown in several previous works that when this compound is compressed with He, this PTM enters into the largest voids of the structure (16d sites) above 3 GPa to form a stable compound with stoichiometry As 4 O 6 ·2He [ Fig. 
1(b)] [8-10].
In this regard, it is worth to mention that it has been reported that As 4 In order to further understand the different behavior of As 4 O 6 and As 4 O 6 ·2He, we study in this work the lattice dynamics of both compounds by means of Raman scattering (RS) measurements at room temperature and ab initio calculations of the elastic properties for both compounds at HP. Some thermodynamic properties are also reported in the supplementary material. In this way, we have theoretically studied the dynamical and mechanical stability of As 4 O 6 and As 4 O 6 ·2He at HP, which allows explaining prior experimental results. Note that partial results of the lattice dynamics and mechanical stability of both compounds were already reported in Refs. 8 and 10.
II. Experimental details
Highly pure arsenolite (As 4 O 6 ) powder (99.999%) was commercially obtained from Sigma Aldrich Company. As 4 O 6 powder was loaded together with several ruby balls inside a membrane-type diamond anvil cell (DAC) and was pressurized with different PTM (4:1 metanol-ethanol mixture (MEM) and He) but also without any PTM.
The ruby photoluminescence was used for pressure calibration in all measurements [13] .
HP-RS measurements at room temperature were performed in a backscattering geometry using a Horiba Jobin-Yvon LabRam HR UV spectrometer in combination with a thermoelectrically-cooled multichannel CCD detector (resolution below 2 cm -1 ).
RS spectra of arsenolite powder were excited either with 532.0 or 632.8 nm laser lines and laser power below 10 mW up to pressures between 12 and 22 GPa. RS measurements were analyzed by fitting Raman peaks with a Voigt profile fixing the Gaussian line width to the experimental setup resolution.
III. Theoretical calculations details
Ab initio total-energy calculations were performed within the density functional theory (DFT) Convergence tests show that in order to have accurate results, the plane wave basis requires an energy cutoff of 520 eV. The integrations in the Brillouin zone were performed using a special k-point sampling, with dense (4x4x4) grid of k-points in order to have high accurate and converged results. Total energies were converged up to 0.001 eV/atom and forces acting on atoms were converged up to 0.003 eV/Å. Exchange and correlation term was computed through PBE for solids prescription [17] . In this way, lattice dynamics ab initio calculations at the zone center (Γ point) of the Brillouin zone (BZ) were performed using the direct force constant approach [18] . To obtain the phonon dispersion curves (PDCs) along high-symmetry directions of the BZ we performed similar calculations using appropriate supercells, which allow the phonon dispersion at k-points to be obtained commensurate with the supercell size [18] .
On the other hand, ab initio calculations allow the study of the mechanical properties of materials. In particular, the elastic constants describe the mechanical properties of materials in the region of small deformations where the stress-strain relations are still linear. The elastic constants can be obtained by computing the macroscopic stress for a small strain with the use of the stress theorem [19] . In the present work, we perform the evaluation of the elastic constants of As 4 in the supplementary material). A detail of the Raman spectra in the region between 400
and 500 cm -1 , where the E g mode is expected to be observed, is plotted in Fig. 3a and the pressure dependence of the frequencies of its Raman-active modes is reported (Fig.   3b ). The frequencies and pressure coefficients of the Raman-active modes in As 4 O 6 pressurized without any PTM are also shown in Table I .
Raman-active modes of As 4 O 6 pressurized without any PTM show a similar behaviour with increasing pressure as in the case of As 4 O 6 pressurized with MEM as a PTM. However, the width of the Raman-active modes increases with pressure at a much faster rate; i.e., at smaller pressures, than using MEM as a PTM. Curiously, we have found a weak mode near 448 cm -1 at room pressure whose pressure dependence is consistent with the theoretical evolution of the E g 2 mode (see Figs. 3a, 3b and Table I ).
Therefore, we have tentatively attributed this weak mode to the lost E g 2 mode. We have to note that this means that there are three Raman-active modes in the RS of arsenolite in the region from 400 to 500 cm -1 . In this respect, previous RS measurements of arsenolite compressed without any PTM already reported three Raman active modes in this region in the RS spectrum at 11 GPa [12]. However, this work does not report any analysis of the experimental Raman-active mode frequencies of arsenolite as a function of pressure. We have also to note that the frequency we have found is slightly larger . At present, we don't know why it has been easier to find this mode under quasi-hydrostatic conditions than under truly hydrostatic conditions (this mode was also not observed when pressurizing with He). We can speculate that the small RS cross section already known for this mode [26] can be enhanced by altering selection rules under non-hydrostatic conditions.
As 4 O 6 pressurized with helium as a PTM
Helium provides the most hydrostatic conditions for HP experiments, but He is so a small atom that it can enter into the cavities of open framework structures present in porous and molecular materials. We have performed a study of As 4 O 6 pressurized with He in order to study the effect of He into the compression of this molecular solid.
In this regard, we showed in a previous work that He enters into the 16d sites of As 4 O 6 and reacts with this molecular solid forming a new compound with stoichiometry 
C. Elastic properties
Since the cubic structures of As 4 O 6 and As 4 O 6 ·2He belong to the Fd-3m space group, they have point group 4/m -3 2/m, also known as m-3m (or O h ), and belong to the cubic Laue group m-3m (or C I) [33] which has three independent second order elastic constants: C 11 , C 12 , and C 44 . When a non-zero uniform stress is applied to the crystal, the elastic properties are described by the elastic stiffness (or stress-strain) coefficients, which are defined as: 
In the Voigt ( 
where the subscript X refers to the symbols V, R, and H. In this work we report the elastic moduli in the Hill approximation. We summarize in Table III all the values obtained for B H , G H , and E H in As 4 O 6 and As 4 O 6 ·2He at 0 GPa. Note that our calculated value for the bulk modulus in the Hill approximation is 9.8 (9.2) GPa for As 4 The above results give us confidence about the correctness of our elastic constants calculations. With this subject in mind, we have compared the bulk modulus and shear modulus in both compounds, which is indicative of the difference between the elastic behavior of both compounds. In As 4 O 6 the bulk modulus is larger than the shear modulus, while in As 4 O 6 ·2He the contrary is observed. This means that As 4 O 6 is more resistive to compression than to shear stresses while the contrary is observed in As 4 O 6 ·2He. One of the elastic properties of crystals with more importance for both engineering science and crystal physics is the elastic anisotropy, because it is highly correlated to the possibility of inducing microcraks in materials [49] . This anisotropy can be quantified with the Zener anisotropy factor A, which is defined as A=2B 44 /(B 11 -B 12 ). If A is equal to 1, no anisotropy exists. On the other hand, the more this parameter differs from 1 the more elastically anisotropic is the crystalline structure. The value of A for As 4 O 6 is closer to 1 than for the case of As 4 O 6 ·2He. Therefore, the latter is more elastically anisotropic than the former at 0 GPa. On the other hand, the Poisson's ratio shows a curious pressure dependence in both compounds. It strongly increases with pressure up to 2 GPa and then tends to saturate above this pressure. It reaches a value of 0.46 (0.32) at 20 GPa for As 4 O 6 (As 4 O 6 ·2He). These values indicate an increment of the ductility and of the metallic behavior; i.e., the progressive loss of interatomic bond directionality, with increasing pressure in both compounds. It must be stressed that the approximation of the Poisson's ratio of As 4 O 6 to 0.5 (superior limit of the Poisson's ratio) near 20 GPa is likely due to the tendency of As 4 O 6 towards a mechanical instability [47] . Note that the B/G ratio, which is related to the Poisson's ratio [47] , also increases with pressure in the two compounds; however the increase is moderate in As 4 O 6 ·2He and abrupt in As 4 O 6 above 10 GPa; thus suggesting the presence of a mechanical instability in this later compound.
Table III also includes the values of the Poisson's ratio (ν H
Finally, the Zener anisotropy factor also shows a quite different behavior in both compounds. It increases considerably in As 4 O 6 especially above 10 GPa while it stays nearly constant (around 0.6) in As 4 O 6 ·2He. Again, these results indicate that the elastic anisotropy strongly increases in As 4 O 6 with pressure, but it remains constant in As 4 O 6 ·2He. Therefore, the strong increase of the elastic anisotropy in As 4 O 6 with pressure could be also understood as a signal of a mechanical instability in arsenolite at high pressure.
One of the most common elastic properties and less easy to handle is hardness, which is a property generally related to both the elastic and plastic properties of a material. Hardness is an unusual physical property because it is not an intrinsic materials property, but the result of a defined measurement procedure susceptible to precise definitions in terms of fundamental units of mass, length, and time. In practice, hardness is measured by the size of the indentation made on a specimen by a load of a specified shape when a force is applied during a certain time. In this way, there are three principal standard methods for expressing the relationship between hardness and the size of the indentation, these being Brinell, Rockwell, and Vickers. 
D. Mechanical stability
To finish this work, we study the mechanical stability of the cubic structure in (14) . 0 44 3 (15) where B 11 , B 12 , and B 44 are the elastic stiffness coefficients at the considered pressure.
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These generalized stability criteria are plotted in 
IV. Concluding Remarks
We have experimentally and theoretically studied the lattice dynamics of As 4 O 6 and As 4 O 6 ·2He at HP and found a different HP behavior in the Raman-active modes of both compounds which support the inclusion of He into 16d sites of the arsenolite structure above 2-3 GPa. On the other hand, we have studied the dynamical stability of the cubic structure of both compounds and it has been found that As 4 
Supplementary material
See supplementary material for IR-active modes and thermodynamic properties in As 4 O 6 and As 4 O 6 ·2He along with the Raman scattering spectra of arsenolite at selected pressures without any PTM. where h is the Planck's constant, k B is the Boltzmann's constant, n is the number of atoms in the molecule, N A is the Avogadro's number, ρ is the density, M is the molecular weight, and v m is the averaged sound velocity. As reported in Table SIII , the values of θ D at 0 GPa using the Hill approximation are 196.2 K (222.7 K) in As 4 O 6 (As 4 O 6 ·2He). We note that the Debye temperature in As 4 O 6 ·2He is slightly greater than that of As 4 O 6 . Figure S4 Table SIII ). Therefore, both oxides are low κ materials 
